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ABSTRACT 


Titanium-Nickel (Ti-Ni) alloy specimens with induced 
shape memory were subjected to various single step current 
inputs under water-cooled, natural convective air-cooling, 
and stagnant air-cooling conditions to determine cooling 
time constants and subsequent delay time for successive 
actuation. Power input, specimen recovery and reextension 
displacement with various loads applied to the coil shaped 
actuator, and temperature distributions along the coil were 
recorded as functions of time. Results suggested that 
liquid cooling was a viable method for increased actuator 
response time. A brief review of the phase transformations 
that give rise to the shape memory effect is included. 
Recommendations for continued research and application are 


discussed. 
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CR N T RODUCTION 


A new group of actuators, or force-motion transducers,; 
is being developed through use of alloys which exhibit 
shape memory behavior. The shape memorv effect occurs when 
a part made from an alloy is deformed at one temperature 
and recovers its original shape when heated to a second 
temperature. This effect is shown in Figure l. Numerous 
applications for these thermo-mechanical actuators exist; 
however, one area in which shape memory alloys, or SMA's, 
can assert a tremendous influence 1s robotics. Low weight 
and small size actuators are prime candidates to replace 
stepper motors and other hydraulic or mechanical actuating 
systems. Recent work by the Mechanical Engineering 
Research Lab of Hitachi, Ltd. of Japan illustrates the 
extent to which SMA can be employed to reduce volume and 
weight of small load robotic systems [1]. Their three 
finger 'hand' and its 'forearm' have a mass of only 4.5 kg 
and the entire system is only 700 mm in total length. The 
forearm containing the SMA actuators is only 400 mm long, 
80 mm wide, and 50 mm high. The robot can manipulate a 
2.5 kg load with nearly the dexterity of a human hand. 

The present work involved the design and construction 
orta lrxquid-cooling SMA testing system. A subsequent ex- 


perimental investigation of SMA response time was conducted 


> 


using heated water to assist actuation and using water 
cooling to decrease actuator cycle time. The system was 
automated by using computer control of the SMA actuator 
and computer-aided data acquisition from the testing 
system. 

An understanding of the basic mechanism of shape memory 
behavior has been included to introduce some of the working 


parameters used in the study of shape memory alloys. 
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The shape memory effect is a behavior exhibited pre- 
dominantly by titanium-nickel, copper-aluminum-nickel, 
and copper-zinc-aluminum alloys. Characteristic shape 
memory behavior occurs when an alloy is deformed from its 
original shape well beyond normal plastic deformation and 
then regains that original shape when moderately heated. 
Shape memory is the result of a reversible transformation, 
called a thermoelastic martensitic transformation, in 
which martensite plates form and grow continuously during 
cooling and then shrink by the reverse path to the parent 
phase of the alloy as the temperature is raised [2]. 
Figure 2 depicts shape memory behavior in a coiled wire 
and the temperature and phase transformations that the alloy 
undergoes during memory inducement and cycling. An alloy 
specimen, the coil, is prepared by annealing it at a high 
temperature while it is constrained in the desired sbape. 
Rapid cooling to below the martensite finish temperature, 
Me, will produce a coil of SMA in its martensitic phase. 
If the coil is mechanically deformed it will be able to 
recover that induced shape by heating it through the 


parent start P., to parent finish, Pe, temperature range. 


EE 


The original shape can be recovered because internal defor- 
mations that occurred during straining will retreat along 
the same path by which they were introduced as the alloy 
is heated. 

As the coil is stretched both temperature and stress 
will cause transformation to the SMA martensitic phase. 

If the coil is in the temperature range between Ma, the 
highest temperature at which martensite can be produced, 

and M_, the martensite start temperature, stress will induce 
the martensitic phase. If the coil is cooled to the M TO 
Me temperature range, or below, the parent phase will 
transform spontaneously to martensite [2]. 

Only low levels of elastic strain are created during 
the structural change so that the elastic limits of the 
parent and martensite phases are not exceeded.  Irrever- 
sible plastic deformations do not occur during deforma- 
tion. Rather, deformation causes shear transformation of 
parent phase regions to stress-induced martensite. Growth 
and/or shrinkage of neighboring plates is such that they 
accommodate the small strains that do develop, and in 
these groups the net shape change is small [2]. Simple 
stacking of plates in which strain vectors cancel each 
other is one type of group accommodat omh Sp oe 
more complex mechanisms of strain accommodation that will 
not be discussed in this work [35475] ME Ee UD IAS 


alloys, individual martensite plates have a strain 


12 


accommodating substructure known as twinning [2]. Figure 3 
Ped transmission electron photomicrograph of internally 
twinned martensite plates in 50 percent Ti-50 percent Ni. 
During deformation, martensite plates will detwin to accom- 
modate stress. 

Reversion stress and reversion strain are two parameters 
which characterize the shape memory phenomena. A SMA speci- 
men constrained against recovery during heating through 


the Es to P, temperature range develops an internal stress, 


Fh 


known as the reversion stress. When later deformed and 
heated while unconstrained, the reversion stress produces 
reversion strain that can be observed as a change in the 
shape of the deformed specimen. To increase reversion 
stress, and thus increase the work output of a specimen 
upon heating, a sample specimen to be formed for a particular 
use should be strained up to its strain limit. Figure 4 
shows that the percentage of recoverable strain for a SMA 
specimen is a maximum for an induced strain of up to the 
Seeattielimilt, typically about 8 percent. If the initially 
induced strain is greater than the strain limit, the rever- 
Sion stress and the recoverable strain, and consequently 
the useful work output, decreases [2]. 

The ambient temperature at which the SMA actuator resides 
‘is important to the design of actuators because of the tem- 
perature dependence of the parent to martensite transforma- 


tion and its reverse, the martensite to parent transformation. 
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Figure 5 shows stress-strain diagrams for a SMA at two 
different ambient temperatures. Figure 5a is the stress- 
strain diagram for an actuator at an ambient temperature 
above M. and below Pe. Two parameters are introduced tc 
describe the transformation stresses and their values 
reflect the stability of the parent phase material. The 


stress required to stress induce martensite, s is a 


pani 
function which linearly increases from a minimum at M toad 
maximum at P.. When stress reaches Som the alloy wm 
begin to experience strain and will transform from the 
parent phase to the martensite phase. For the martensite- 
to-parent transformation to occur, the stress level must 
drer re Ee If the stress level is decreased to s__ 
there will be an elastic recovery to a lower strain. 
This is called the pseudoelastic effect, PEE. Further 
recovery will occur on heating the actuator--the shape 
memory effect [2]. If the ambient temperature is below 
the martensite finish temperature, as in Figure 5b, no 
elastic behavior will occur on unloading the actuator. 
Recovery will occur on heatine only. 

Reversion stress has been found to be well approximated 
by the value of the flow stress an [2]. Flow stress is 
obtainable from simple tensile tests as a function of 


temperature and strain. Perkins [2] reported that rever- 


sion stress will be about 20 percent lower than flow stress 
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for a given temperature and strain. This information can 
be used during the design of a functional SMA actuator. 

The temperature dependencies discussed above must be 
taken into account by the designer of mechanical systems 
with SMA actuators. Particular attention must be paid to 
the temperature dependence of the flow stress and reversion 
stress.  Reversion stress is a maximum over onlv a small 
temperature range near Pe awe dieing heating, the 
stress on the SMA actuator exceeds the parent phase yield 
strength so that yielding occurs there will be a decrease 
in reversion stress which will continue to decrease as the 
temperature continues to rise [2]. Accompanying the 
decrease in reversion stress may be a conversion of part 
of the initial strain into permanent damage in the form of 
plastic strain. A second problem situation occurs if a 
constant load is maintained on the SMA as the temperature 
approaches M... Since Som is low at M the applied stress 
may produce true plastic deformation of stress-induced 
martensite [21. 

A specimen, if cycled many times, may develop a partial 
two-way shape memory, that is, the SMA will have one re- 
membered shape in the high temperature phase and a second 
remembered shape in the low temperature phase. A detailed 
review of the mechanisms of two-way shape memory may be 
found in references [6,7,8]. However, some observations 


on two-way shape memory (TWSM).training are appropriate. 
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From a study of TWSM training routines, Perkins and 
Sponholz [6] reported some factors which contribute to the 
improvement of TWSM.  Deformation beyond the strain limit 
of the sample in its initial training cycle was a require- 
ment for TWSM. As a sample undergoes an increasing number 
of work cycles, some martensite structures may be retained 
in the sample even in the parent phase. This retained 
martensite does not now have to be induced in later train- 
ing cycles and the training process becomes easier. Perkins 
and Sponholz [6] postulated that the retained martensite 
may serve as nucleation sites for the thermoelastic marten- 
Sitic transformation discussed above. Through plastic 
deformation and retained martensite, the parent phase 
matrix may adjust so as to nucleate and grow a particular 
and preferential variant of martensite. This substructural 
adjustment becomes more refined as cycling continues. 

Optimum training for TWSM displacements will be realized 
when an SMA, initially in the parent phase, is subjected to 
some plastic deformation during the first cycle which is 
followed by approximately 15 training cycles. The trainin 
cycle displacements should be at least 2 times greater 
than the TWSM cool temperature working displacement [6]. 


Specific TWSM training routines are given in [2 and 6]. 
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Cais EXPERIMENTAL APPARATUS 


The SMA testing apparatus consisted of an electrical 
heating system, a fluid flow system, and a data acquisi- 
tion and control system. Each of these systems will be 
described. Letters in parentheses refer to Figure 6, 


which is a schematic diagram of the SMA testing apparatus. 


eee ELECTRICAL HEATING SYSTEM 

An electrical system was built to heat the SMA coil 
sample, control the amount of heat applied to it, and mea- 
sure the power consumed by the coil during heating. The 
SMA test coil was resistively heated as electrical current 
was passed through it. A 25 VDC variable power supply 
(A) was used as the current source. A precision 2 ohm 
resistor (B) was connected in series with the SMA coil. 
Using the measured voltage drop through the resistor (Vo), 
the current through the coil was calculated. A switch (C) 
Was installed in the circuit for manual control of power 
to the coil. A125 VDC, 1 amp relay (D) was installed to 
permit computer control of power to the coil. The SMA 
corbswas connected in the electrical circuit by two 3/8 
inch diameter, 1/8 inch thick copper discs rne cor 
leading ends (F) fitted into a centered hole in the discs 


and were anchored by set screws. The positive electrode 


was fixed to an L bracket (G) which was attached to the 
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supporting structure. The negative electrode (H) remained 
free to travel with the recovering SMA coil. It was 
sardwiched between two insulating phenol discs, each 1/2 
inch diameter and 1/16 imch thick] gmnhe Geeuune trea 
emerged from the copper disc through the center of the 
second phenol disc. 

Displacement of the SMA coil during actuation was deter- 
mined through the use of a 10 turn linear potentiometer (J). 
A soft rubber, center grooved, grommet (K) was mounted 
to the potentiometer arm on a teflon disk. A wire string 
(L) ran from the negative electrode (H), over the potentio- 
meter arm, to a plate (M) which carried loads applied during 
test runs. Voltage dcross the variable resistor (V7) Was 
measured by the data acquisition system as the potentiometer 


arm turned as the SMA recovered or reextended. 


B. FPFLUID FLOW SYSTEM 

A constant flow rate fluid system using water was con- 
structed to provide cooling water to the SMA coil. The 
head tank (N) was fitted with an overflow (O) to the system 
reservoir to maintain a constant head, and thus, constart 
flow rate. An immersion heater (P) was installed in the 
head tank, supported by the tank top to preheat the water. 
A type T thermocouple was installed in the head tank near 
the flow exit of the tank (T6). A Fisher-Porter rotometer (Q) 
with a ball float was installed in the system between head 
tank and the SMA cooling chamber. | 
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The SMA chamber (R) served as a mechanical support for 
the SMA coil and as the cooling chamber when water cooling 
was applied during test runs. A photograph of the SMA 
chamber is provided in Figure 7. Referring to Figure 6, 
type-T thermocouples were installed near the inlet (T1) 
and outlet (T2) of the chamber through holes in the tubing. 
Three type-T thermocouples were affixed to the SMA coil 
(T3, T4, T5) with small strips of heat-shrinkable tubing, 
and emerged from the chamber through a Swagelok fitting (S). 

After passing through the SMA chamber, water flowed 
into the system reservoir (T). A small electric submer- 
sible pump (U), capable of 1/70 HP, was sufficient to 
maintain the head tank water level for the flow rates used 


Ee investigation. 


C. DATA ACQUISITION AND CONTROL 

The data acquisition and control system was centered 
around an HP-9826 computer, an HP-3497A data acquisition 
System, and an HP-6942A multiprogrammer. A block diagram 
of the data acquisition and control system, as well as a 
data reduction flow chart, is provided in Figure 8. All 
computer programs written for the HP-9826 used the Basic 
programming language and are included in Appendix B. 
Programs written for data reduction using the IBM 3033 
used Fortran and are included in Appendix C. 

Program 'SMA' directed electrical system control and 


data acquisition. Sets of data were taken by the HP-3497A 
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as directed by 'SMA'. Data accumulated in each set included 
coil position, coil current and voltage drop, and all thermo- 
couple outputs. As indicated in Figure 8, the initial 
portion of 'SMA' was interactive, requiring operator input 

of the total number of samples, TT, for each test run and 

the interval between each sample set, t. The total time 
between sets of data, including data acquisition, the 
programming loop and the wait interval, was measured as 

2.075 seconds by the HP-9826 internal clock. 

Program 'SMA' directed electrical power to the coil 
by closing the relay installed in the electrical system 
(see Figure 6). This was accomplished through a relay veo 
on the HP-6942A multiprogrammer.  'SMA' directed closing of 
the HP-6942A relay which, in turn, completed the required 
circuit to close the electrical system relay. With that 
relay closed, power was available to the test coil. Power 
to the coil was disconnected when 'SMA' directed the multi- 
programmer to open its relay. 

Program 'SMA' directed the HP-3497A data acquisition 
system to sample each of the nine system voltages every t 
seconds. The sampling time for each channel of the HP-3497A 
was 0.04 seconds, for a total sampling duration of 0.44 
seconds. After sampling, the HP-3497A was directed to send 
the data to the HP-9826 for storage. Theiler GNI OS 
couple voltages were converted to temperature in degrees 


Celcius using the fourth order least squares coefficients 
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given by Beckwith and Buck [10]. Potentiometer voltage, 


V was converted into distance using the linear relation 


EU 
developed as a result of calibration of the potentiometer. 
Appendix D contains the calibration coefficients for this 
potentiometer. Current through the circuit was calculated 
using the voltage drop, Vg! aeneOss Ene precision 2 ohm 
resistor. Power to the coil was calculated using the 

a l tage drop across the coil, Vor tele 


culated current. This data was written to a disk file by 


the HP-9826. 
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IV.  EXPERZMENTAL PROGHEUEE 


The experimental procedure consisted of three basic 
steps: SMA sample preparation, SMA sample testing for 
response, and the measurement of temperature distributions 


along the sample. 


A. SMA COIL PREPARATION 

A SMA spring-like coil shape was chosen for testing 
because of the anticipated Use Cr EE 
arm. For use in the SMA chamber the coil was required to 
have a section of straight wire at both ends leading to 
the coil. The straight coil ends were required so that 
they would travel freely through the SMA chamber ends. 

Raychem Corporation of Menlo Park, California, provided 
samples of 50 percent Ti-50 percent Ni wire of various 
diameters. Wire with a diameter of 0.53 mm (0.030 inch) 
was chosen for use because its malleability allowed for 
easy coil formation. Also, less power was required to 
heat wire of this diameter than larger diameter wire. 

The Ti-Ni wire was locked into spring-like coils with 
straight sections at both ends by using a specially designed 
mandrel. The mandrel was a threaded rod, with special nuts 
used for locking the wire during the shaping process. The 
coil forming rod can be seen in Figure 9a. The rod formed 


a l inch long coil with 20 turns per inch wand edd con 
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of 3.5 inches long at either end of the coil. Wire was 
wound on the rod as the rod was hand turned on a lathe. 
The coil was locked at both ends with the set nuts. The 
leading ends were strained to approximately 4$ then locked 
in place at the end of the rod. Leads were pressed into 
grooves cut into the rod with plates as seen in Figure 9b. 
During the heat-treating process, the plates were clamped 
tight into the grooves to prevent recovery to the factory- 
induced shape of the Ti-Ni wire that existed as it was 
first heated. 

To heat-treat the wire, the entire assembly was placed 
into a 320°C oven for 15 minutes. After removing the 
assembly from the oven ‘the assembly was quenched in ice 
ter. 

After heat-treating the SMA coil leading ends were 
checked for the proper straight shape. The locking nuts 
on the end of the rod were removed and those at the end 
of the coil remained in place. The leads were bent out 
of the rod groove, then heated to review their recovery. 
If the leads did not recover a straight configuration that 
would slide through the SMA chamber end readily, the 
shaping process was repeated for the leads. With the coil 
still locked in place, the leads were further strained 
and then locked in. Heat-treating and shape checking were 
repeated as discussed. Satisfactory coils and leads were 
generally obtained after repeating the process two or three 


times. 
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B. SMA COIL EXTENSION, ACTUATIONZCOANENEDATACACOUNESNUDEON 
Tests were conducted with single-cycle and repeated- 
cycle runs. Single-cycle extension runs included extension 

of the SMA coil, actuation and recovery of the coil, and 
cooling. Repeated-cycle runs merely repeated this sequence 
more than one time during a sample run. 
i SSine hes? ele mae ors 

The primary purpose of the single-cycle runs was 
to identify the maximum temperatures reached during SMA 
recovery anc to compare coil rate of recovery at various 
current inputs. Work done by the coil was also of interest 
and was easily calculated from data taken during the single- 
cycle runs. 

A single-cycle of a test run contained the following 

steps. 

a. Apply the load. The desired load was placed on 
the load plate. The applied load varied from no 
load on the plate to 1.96 Newtons. The mass of 
the plate (refer to Figure 6) and wire string 
was 3l grams. 

b. Extend the SMA coil. The coil was extended by 
the operator until the coil reached the end of 
the cooling chamber. Figure 6 shows the coil in 
its extended,’ deformed, position. 

c. Set desired current. The desired current input 


was adjusted by the operator at the power supply. 
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m eeN Uter control. For this phase of 
the tests a single step, constant current input 
heated the SMA sample. Program SMA (refer 

again to Figure 7) was configured to take two 
sample sets, then close the relay to apply 

power to the SMA coil. The relay was not opened 
by computer control until the final sample was 
taken. 

Cut power-off. Power was manually cut off by 
the operator, using the installed switch, when 
the coil reached maximum recovery. Data acquisi- 
tion continued whether power was applied to the 
coil or not. The total number of sample cycles 
for each run could be varied by interactive 
computer control, but generally, 100 samples of 
each parameter were taken. Sufficient data was 
obtained from the recovery phase and cool-down 


period. 


Mul tiple-—Cycle Tests 


This phase of the testing involved a repetition of 


the single-cycle tests within the same run period. The most 


effective use of the multiple cycle tests occurred when no 


cooling water was present in the cooling chamber at the 


start of the run. The cycle was initiated as above, then 


when the actuator reached full recovery the operator cut off 


power to the system and initiated fluid flow through the 
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chamber to cool the actuator. EIERE EEN 
as recognized by its reextension, coolant was cut off and 
power reinitiated to start the next recovery cycle. The 
cycle was repeated as often as possible during the run 
period. Once again, 100 sample sets was used as the tctal 


number of samples taken. 
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V. DATA REDUCTION 


Data reduction included transferring data obtained during 
runs of the SMA testing system from floppy disk storage on 
the HP-9826 microcomputer to the IBM 3033 computer and then 
SBerealining data listings or graphic output. Refer to Figure 8 
during the following discussion. Programs written in the 
Basic programming language are included in Appendix B. 
Programs written in Fortran are included in Appendix C. 

Transfer of data from floppy disk to the IBM 3033 was 

accomplished by two terminal programs. Program SEND DATA 
utilized the Binary Enhancement Basic program available on 
the HP-9826 to communicate with the IBM 3033 via modem. 
This program read data files from disk and transmitted data, 
one number at a time, to the IBM 3033. Fortran program GRAB, 
run on the IBM 3033, received the transmitted data and wrote 
lt to a disk data file for storage. 

Program REARRANGE was then used to reorganized the data 
file from a single string of numbers to nine columns of 
numbers corresponding to the nine measured parameters of 
the SMA testing system. After rearranging, the data files 
were easily used as input to other data reducing programs. 

Three programs were used for producing graphic output 
of the data.  SMA3, LOGGRPH, and TEMGRPH were Fortran programs 


that used the Display Integrated Software System and Plotting 
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Language (DISSPLA), by Integrated Software Systems Corpora- 
tion of San Diego, CA, resident on the IBM 3033. DISSPLA 
is a library of Fortran subroutines that can be used in 
Fortran source code to generate graphical output. Since 
DISSPLA is computer and device independent, programs 
developed in this work may be converted for use at other 
installations having DISSPLA. 

Program SMA3 was written to present data from different 
test runs side by side (see Figure 10). Generally, for each 
run two data plots were presented. The first was a plot of 
temperatures along the SMA coil. It included T3, T4 and T5, 
and the cooling water temperature, or ambient temperature, 
T2, if water cooling was not used, as functions of time (Fig. 
lla). The second was a plot of current, power, and SMA coil 
displacement as a function of time (Fig. llb). These plots 
Were used to identify the cooling period of each test run 
for further data reduction. Figures 12, 13, and 14 have 
been annotated to identify the cooling period which became 
the focus of further data reduction. 

Since the SMA test system was a thermal system, and SMA 
coil displacement versus time curve was exponential in 
appearance, the system was considered to be a first order 
system. Output of this system was SMA coil displacement, 


in recovery or in reextension, according to the relation: 


oe t/t m ND 
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where c(t) coil displacement divided by maximum displacement 
T = the system time constant 


ME Cine Since zero 


in Order to verify that cooling of the SMA coil was, indeed, 
First order, and to compare water and air cooled coil perfor- 
mance, the coil time constant was calculated for each test 
run. The natural logarithm of normalizec displacement during 
the cooling period was plotted as a function of time and the 
first order system time constant, T, was determined from 
such a plot as: 


T = -l/slope 


Fortran program POLYFIT was used at this point to determine 
a linear fit to the natural logarithm of normalized data 
during the cooling period. Displacement was normalized by 
dividing the displacement value at time t by the maximum 
displacement at recovery. In the cooling phase, then, nor- 
malized data would decrease from 1.0 to some value which is 
a percentage of the total possible recovery displacement. 

The percentage of possible reextension is one minus that 
value. 

Data points were determined for each run using SMA3 graphs 
and the data listings from which they were generated. Figures 
12b, 13b, and 14b, indicate that the coil did not immediately 
begin to reextend when power was cut-off. These represent 


Soul recovery by stagnant air, natural convection to air, 
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and water cooling, respectively. As can be seen from the 
corresponding temperature versus time graphs, the temperature 
decreased prior to reextension. With that in mind, the data 
files were examined to isolate the beginning and end of the 
coil reextension period. For RUN 81 and RUN 85, Figures 12 
and 13, respectively, the cooling pericd included the remain- 
ing time of the run after power to the coil was turned off. 
In Figure 14 of RUN 194, and similarily in other test runs 
which used water cooling, the cooling period included only 
four data points. The final data point for inclusion in the 
linearity calculation was determined as the last data point 
to be 0.05 cm greater than the following point. At that 
point the SMA coil had nearly reached its limit of reexten- 
Sion determined by the load and the temperature of the cool- 
ing water. This data was fed into POLYFIT which normalized 
the displacement and then calculated the natural logarithm. 
POLYFIT then used these numbers to make a first order curve 
approximation to the data and output the coefficients of 

the curve fit: 


In(X/X). = Ay T At 


where A = the y intercept 
A, = the slope of the curve and is equal to 1/T 
X = the displacement 


toccthne me 
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DEE EE EE a set of data points which corresponds 
€o the curve fit described above. 

Program LOGGRPH was used to compare POLYFIT output for 
different SMA test system runs.  LOGGRPH used the raw log 
normalized data and the curve fit data developed in POLYFIT 
to produce graphic output of the type seen in Figure 15. 
The linear nature of these curves confirms that the SMA 
test system is a first order system [ll]. And from the 
curves, the time constants of the system under different 
cooling conditions were easily compared. 

Program TEMGRPH was written to examine the recovery or 
reextension displacement of the SMA coil as a function of 
the coil temperature. The temperature dependence of coil 
recovery and reextension displacement is a characteristic 
that must be used in the development of feedback control of 
future SMA systems. Figure 18 is a displacement-temperature 


Eeoph produced by TEMGRPH. 
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VI RESULTS 


The results of this investigation into different methods 
of cooling the SMA coil after coil recovery can best be 
seen graphically in Figures 10, 1l, 15 and 19. A descrip- 


tion of these figures and some additional observations follow. 


A. SMA COIL IMMERSED IN WATER 

Electrical heating of the SMA coil immersed in water 
produced no coil recovery. Figures 10 and 11 represent 
data obtained from two SMA test runs in which the coil was 
immersed in stagnant water during the entire time of the run. 
During RUN 82 shown on Figures 10a and 10b, 6 watts of 
electrical power at 2 amperes was applied for 200 seconds. 
The water temperature was initially at the room temperature 
of 22.8"C and rose to 27.39€ by the end of the run. During 
RUN 138 shown on Figures lla and llb, 2.5 watts of power at 
1.25 amps was applied for 200 seconds. The water in the 
chamber had been preheated to 459C and rose to 479C during 
the run. In each case, it can be seen that no coil recovery 
displacement resulted from the electrical heating. Due to 
the large amount of heat transferred from a coil to a sur- 
rounding liquid, it was not possible to actuate an SMA coil 
immersed in water. The technique employed in later 


experiments was to initially heat the coil with only air 
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present in the chamber. Water was then added to quickly 
Geoketne coil causing 1t to revert to its original shape. 


This technique dramatically increased SMA coil cycle time. 


wee oe COLT COOLED UNDER THREE CONDITIONS 

Data was compiled as described in the experimental pro- 
cedure using three different cooling conditions for the SMA 
coil. The primary goal of the data reduction was to deter- 
mine the coil cooling time constant, T, for the SMA coil 
as it is cooled in the chamber with no ccolant, by natural 
ER convection, and by water cooling. This time constant 
reflects the displacement of the coil with respect to time. 
Megure 15 1s a plot of the natural logarithm of the normalized 
coil reextension displacement versus time for three test runs, 
each of which used one of the three cooling conditions. For 
each run the applied load on the SMA coil was 1.3 N. The 
meme Constant for each cooling configuration can be read 
from the graph. For the three runs shown, the time constant 
of the chamber-cooled SMA system with stagnant air as the 
coolant was 25 times as long as the water cooled SMA system. 
The time constant for the natural convection air-cooled 
system was 15 times as long as that for the water-cooled 
system. 

Figure 17 shows time constant data for some additional 
SMA test system runs conducted with various cooling conditions 


and various loads. A comparison of time constants for RUN 196 
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(Figure 17) and RUN 85 (Figure 15), both cooled by natural 
air convection, and the SMA coil loaded with 1.3 N, shows a 
difference of 66 seconds between the two. A primary factor 
in this difference may be the ambient temperature at the 
time of the run. From Figure 16, it can be seen that the 
ambient temperature at the time of RUN 196 was 27 C, whereas 
during RUN 85 the ambient temperature was 22 C. Also from 
Figure 16, it can be seen that the time constant of the water- 
cooled system load with 2.0 N, RUN 191, was 2.2 times larger 
than the time constant for a water-cooled system loaded with 
onis SN 

In general, the time constant of a water-ccoled SMA system 
was 15 to 25 times faster than a natural air cooled system 
and 20 to 30 times as fast a closed Pomier- oE nE 

It can be seen from Figures 12 and 14 that reextension 
of the SMA coil did not begin immediately when power was 
turned off. Note the constant displacement ledge in each 
Figure. Reextension began only when the temperature at the 
midsection of the coil decreased below 60 C. Also, in 
Figure 13, where the coil did not reach such high tempera- 
tures, reextension still did not begin immediately but 
accompanied a decrease in temperature below 50 C. However, 
the delay in this case was much less. By examining the 
heating portion of the temperature and displacement versus 
time graphs of Figures 12, 13, and 14 it can be seen that 


the rate of work output from the coil decreased dramatically 
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after the coil reached approximately 50 C. This could he 
expected as a characteristic of this first order system and, 
also, it corresponded to the approximate austenite finish 
temperature referred to in the discussion on the material 
aspects of SMA's. The delay in reextension after recovery 
BsEundication that the M, for this SMA (refer to Fic. 2?) was 
in the 55-60 C temperature range. By plotting displacement 
as a function of temperature, as in Figure 18, it can be 
seen that very little displacement per degree was yielded 
when the coil temperature was above 45 C. This was true 


for both recovery or reextension. 


VIT. CONCLUS TON 


This work has involved the construction of a system for 
testing SMA actuators under different loads, different actuat- 
ing electrical current, and different cooling conditions 
after actuation. Computer control of the SMA testing system 
and data acquisition system was implemented. Experimentation 
proved that a SMA system equipped with water cooling provided 
an actuator cycle time 15 to 30 times faster than a natural 
air-cooled system or a stagnant air-cooled system. 

Recommendations for further study are numerous, and 
included three major areas of SMA use and control. The first 
area for study is that of the alloys tnemselves. For most 
applications, specific knowledge may be required of the alloy 
transformation temperature range, the maximum reversion 
stress, and other alloy characteristics. This information 
was not available from the alloy manufacturer at the outset 
of this investigation but could be obtained in local labora- 
tory testing. Also, a more thorough knowledge of two-way 
shape memory training and strengthening routines is needed 
to efficienctly use SMA actuators. This is required since 
one-way shape memory induced devices gain two-way shape 
memory after only a few cycles. 

The second area of continuing work would involve adapta- 


tion and expansion of the computer control portion of the 
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SMA testing system for additional modes of control. Current 
input frequency, step size, and signal types such as a ramp 
input, mav be used to vary the heating of the SMA and, con- 
sequently, the performance of the actuator. Computer control 
of the system using temperature feedback should be tried to 
prevent overheating of the coil and obtain maximum work 
ENEput for a given electrical power input. 

Finally, the efficiency of the mechanical structures of 
the testing system should be improved. A more precise 
potentiometer should be installed. Different actuator 
shapes and combinations of actuators should be tried. For 
example, a cluster of small diameter SMA wires may have the 
same load capacity as one wire of larger diameter, but the 
cluster will have a time constant many times faster than the 
single wire [12]. Tn that case, water cooling or forced air 
convective cooling is an appropriate consideration for 
Seelingein the system. Study of forced air convection cool- 
ing compared to water-cooling and to natural air-cooling 


should be investigated. 


2 


e 


\O 


dE 


dc 


B28 


LISIT OF REFERENCES 


Nakano, Y., et. al., "Hitachi's Fobo ‘ 
Robotics Age, V. 6(/), po. Oe O E E 


Perkins, J., "Shape Memory Behavior and Thermcelastic 
Martensitic Transformations," Material Science and 
Engineering, No. Si, pp. r 92 po 


Perkins, J., "Ti-Ni and Ti-Ni-X Shape Memory Allovs," 
Metals Forum, V. 4(3), pe. 155-105 MIN 


Mohammed, H. A., Washburn, J., Journal of Material 
Science, V. 12,0). 94677 ve 


Mohammed, H. A., Washburn, J., Metallurgical 
Transactions A, V. 7, p. 10, 1976. 


Perkins, J., Sponholz, R. O., "Stressdiusmeecd 
Martensitic Transformation Cycling and Two-Way 
Shape Memory Training in Cu-Zn-Al Alloys," 
Metallurgical Transactions A; V. ISA; 990. = 2 
February 1984. 


Schroeder, T. A., Waymany C. M., Scryrpta Metal UMEN LM 
Ve ddl po 225 D DM 


Delaey, L., Thienel, J. Shape Nemoci EEr om e 
Alloys, J. Perkins, Ed., Plenum, New York > NY, po NM 


PU 


Otsuka, K. Shimizu KEE EES 


Conference on Solid-Solid Phase Transformations, H.I. 
Aaronson et. al., Ed., TMS-AIME, Warrendale, PA, 
pp. 1267-956 7 957 


Beckwith, T. G., et. al., Mechanical Measurements, 
Addison-Wesley Publishing Company, Menlo Park, CA, 
pp. 543-544, 1982. 


Ogata, K., Modern Control Engineering, Prentice-Hall 
Inc., Englewood Cliffs, Nop poe T OE 


Schetky, L. McD, Shape Memory Effect Alloys for 


Robotic Devices, Robotics Age, V. 6(7), pp. 13-17, 
July 1984, 


38 


ttt 





Figure 1. Shape Memory Behavior. A SMA Coil Deformed 
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Figure 3. A Transmission Electron Microscopy Photomicro- 
graph of Internally Twinned Martensite Plates 
(Reprinted with permission [2]) 
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APPENDIX A 


DARTE TRE STEMT UNCERTAINTIES 


Thermocouples: t 02SNAG 


Current: = 0.09005 AMPS 
Voltage: t 1x 10? v 
LECHE UE ES c 


|posrtion: + 5.0% 


Load: + 0.10 Newtons 


E 


BASIC LANGUAGE 


390 


440 
450 


490 
500 


っ 40 
S30 
360 
of 0 


230 


Loop! 


APPENDIX B 


PROGRAMS USED ON THE HP 9826 COMPUTER 


!'Program ema 
' 
! GOALS: 1. READ NERRLY SIMULTANEDUSL Y 
! a. 6 THERMOCOUPLES 
! b. 1 POTENTIOMETER 
! c. CURRENT «DELTA V) 
! d. VOLTAGE 
1 
! 2. STORE DATA IN ARRAYS 
à 
! 3. CORRECT FOR TYPE T-C BIAS 
' 
'BEGIN HP 9826 PROGRAM 
1 
HPTIUN BRSE 1 
Dif Datac300 S 
PRINTER IS 1 
『 
PRINT "time between samples?  (sec)" 
INPUT Delta t 
1 
PRINT "File to dump data to?" 
INPUT File nameS$ 
CREATE BDAT File name$,50 
MS File TU File _name$ 
! 
PRINT "Number of sample sets?" 
INPUT I finish 
PRINT "NOMINAL INITIAL CURRENT IS?" 
INPUT I_v 
PRINT “HEATING APPLIED (O=NQ, YES,ENTER TEMP)" 
INPUT Ht 
PRINT "FLOW RATE IS?" 
INEUT Fr 
PRINT “LOAD CONDITION? (MASS ADDED TO PLATE)” 
INPUT Load$ 
PRINT "MAX EXTENSION AT THIS TEMP?" 
INPUT Max_ext 
PRINTER IS 701 
PRINTS SAMPLE NO. 1" 
PRINT ~ RUN NUMBER ":File_name$, 
PRINT " INITIAL CURRENT =";I_v, "AMPS" 
PRINT " HEATING CONDITION '";Ht," C" 
PRINT " FLOWN RATE » "Fr," "ml/sec" 
PRINT.” LOAD CONDITION IS "":Load$." GRAMS" 
PRINT " NO. OF SAMPLE SETS =";I_finish 
PRINT " TIME BETWEEN SAMPLES -";Delta t." SECS" 
PRINT ” MAX EXT OF WIRE AT THIS TEMP = ";Max_ext," cm" 
PRINTER IS 1 
' 
! 
! A. Data Acquisition. 
! 
K=K+1 
BEEP 
IF K=3 THEN 
BEEP 
QUIPOT 7233-06 wie aks we 
END IF 
il "Now working on loop ';K 


っ 8 


! B. Sample all thermocouples. 
! 
GERT 

OUTPUT UST RUI TJ 

ENTER 709;Data(K,J) 

RN TC Datak; h) 

NEXT J 

! 


HAIT Delta t !pause dt secs 
! 


IF KXI finish THEN GOTO Loop 
DUTPUT 723;"0B,1,15,0T" 


C. Convert to engineering units 


1 
i 
! 1. Read chnl 18-bias for Type E T-C 

! 2. Read chnl 19-terminal temp(convert to celsius? 
1 

DUTPUT 709:;"AI18VT1" 

ENTER 709;Bias_voltage 

Bias voltage-Bias voltage*1000 

PRINT "BIAS VOLTAGE -";Bias voltage." mV" 

d 


QUTPUT 709;"AI!S9Ut1" 
ENTER 7095V terminal 
PRINT "V TERMINARL";V terminal 
Emf=\V terminal (ON? 
! 
(Convert Emf to temperature (C5) for type E TC. 
| 
V-Emf*1000. ! (OV) 


M "Y=" SY, 
17022525 lu. 2OOUSD2S0E IU sUrS-48909912E :92*V 9-5. 7559892E-5«V 4.0 


PRINT Terminal *' ;T, <C)” 
! 


! 3. Convert Type-T TC voltage to temperature (C). 


! a. Find the Emf (nV) corresponding to a given temperature. 
! 


Emf -3.8740773840E*1*T*3.3190198092E-2* T^2*2.0714183645E-4*T^3-2.19458248 


OE ST, 


Ema ETH SeT S3. 0927581898E-11*T 6+4.5653337165E-14*T 7. 
Emi emi 2. 7616878040E -17T 8. 

Emf -Emf*.001 

! 


| a. Find the EMF for a Type-T TC for the terminal strip temperature. 
! | 


Emf correct-*Emf 
' 


FOR K-1 TO I finish 
FOR J=1 T0 6 
Emf=Emf_correct+Data(K,J)*1000.-Bias_vol tage 
! 
! Convert Etc o temperature C) for type T TC. 


V-Emf 
T22.5661297E*1*U-6.1954869E-1*U*V*2.2181644E-2*V 3-3,550090F -4-V 4, 
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1150 Datak Da 

1170 NEXT J 

1180 NEXT K 

1190! 

1200! 4, Correct remaining lines tor lype EC Or: 
1210 !SET FLAG FOR VOLTS FROM POT (J=7) TO X DISTANCE 
1220 deer 0 

1230 

E FOR K=1 10 I finish 

1250 FOR J=7 tome 

1260 Data(K, J =Data(K, J) -Bias voltage/ 1000 
1270 IF J=7 THEN 

1280 Data(K,J)=3.022260*Data(K,J)+.00227 !VOLTAGE TO DISTANCE 
1290 IF Flag=0 THEN 

1300 Initiale -Dataci. 7) 

1310 END IF 

1320 Flag= 1 

1330 Data(K,J)=(Data(K;J)-Initial x)*2. 94 IX INR ENTINETERS 
1340 END IF 
1330 IF J=8 THEN 

1360 Data(K,J)=Data(K,J)/2. !I=V/R R=20HMS 
1370 END IF 

1380 IF J=9 THEN 

t390 DataíK,J)=Data(K.J)*Data( (K 9) TPE MI 
1400 END IF 

1410 NEXT J 

1420 NEXT K 

1430! 

1440? 


1450! C. Now print out all the data and write to dices 
1460!PRINTER IS 701 

1470! 

1480 !PRINT ‘SPACE LINE 

1490! 

1500 FOR K=1 TO I_finish 

To) PRINTER IS 1 

1520 PRIN STOOF K 

1530 FOR J=1 T0 9 


1540 OUTPUT GFile;Data(K,J) 

1550 PRINT CCH Data» 

1560 NEXT J 

1570 NEXT K 

1580 PRINTER IS 701 

1590 PRINT " FLUID TEMP AT START IS = “:;Data(1,6),"C? 

1600 PRINT " FLUID TEMP Al END IS =- Datacle anwsbh bo ec. 
1610 PRINT 


Ven 2 @File TU File name$ !'close the file descriptor. 
1640 ! 

Held NN tel 

1660 BEEP 

1670 PRINT File name$:;" ais written: andee toseas 

1680 END 


60 


150 
160 
170 
180 
190 
200 
210 
220 
230 
240 
250 
260 
270 
280 
290 
300 
310 
320 
23 

340 
350 
360 
370 
380 
Séch 
400 
410 
420 
430 
440 
450 
460 
470 
480 
490 
500 
510 
520 
530 
540 
550 


PRÜGRAM "ZEHMD DATA" 
Eeer = 30 


HP-9826 TERMINAL PRUGRAM 
ES BINARY ENHANCEMENT PROGRAM 
ai "e 


SET SUR e2 
updated 1/57/83 
updated !/16/84 


DICC CUCERE TH 


t 
! 
| 
“ 
1 
tł 
' 
! 
! 
S 
P 


c=9 ERa R SELECT CODE 9. 
Dalle HEET CRT. 
Prs Il t DEFAULT PRINTER IS CRT 
erinter choice 0l l MY PRINTER I1S=701. 
Bits-7 ' BITS PER CHARACTER 
Duplex=0 apu DUPLEX 
Baud=300 ’ BAUD RATE 
Computer-i ' ASSUME IBM COMPUTER 


GUTRUT Pr: 1300 BAUD. T IBM assumed." 

OUTPUT P? M oad the binary program BEB firat” 
POTEO ET reen fk 

OUTPUT Pr: SET MODEM ON <FUCO DUPLEX > }" 
OUTPUT Br; = 

6 


DIM Nanes[2001,Hp_filss[30]. コ a(1500) .Numps【301 
INTEGER Isend 
t 


SHNERENES C3: Baud 
CONTROL Sc,.4:Bits-5«4 ! BITS/CHAR & #STOP BITS. 
d 


t 


To_disk =0 
Datadump=0 
I datazl 
1=1 
J= 1 
K= 1 
L=! 
! 
ON ERROR GOTO Errors 
ON KEY 0 LABEL “Line Mode" GOTO Line_mode 
ON KEY 5 LABEL “Terminal™ GOTO Terminal 
ON KEY 6 LABEL "To Crt" GOTO Pr crt 
ON KEY 7 LABEL “To Prt’ GOTO Proprt 
ON KEY 2 LABEL "DATA" GOTO Data_dump 
・ 
' 
Line_mode: ! 


OUTPUT Pr: (CINE RECEPTION MODE: 


$50 Begin: STATUS Sc,10;Y ' CHECK FOR FULL BUFFEF 


570 テ * 


580 


2330 


IF BIT(Y.0)=0 THEN GOTO Begin 


oul 


600 
620 


£10» 


760 


ww aD Es CII CH 
ぐつ や ララ ラマ うど 


! RECEIVE ROUTINES 


S 


Receive: 


C .— 5b oo o 


B=A 


STATUS SG Bi 


UUTPUT Pr USING "z,0'";CHRS(B) 

IF B=63 AND Datadump=1 THEN GOTO Data_dump 

IF B=!13 AND Computer=3 THEN JUTPUT PriCHRS( 13) 
GOTO Begin 


!) TRANSMIT ROUTINES 


IF Duplex=0 THEN 
IF NUM(KeyS)<>255 THEN DUTPUT Pr USING "#.A":KeyS 
IF NUM(KeyS)=255 THEN OUTPUT Pr:” " 
END IF 
IF Computer=1 AND NUM(Key$S)=8 THEN KeyS=CHRS(64) 
t 
t the previous line gives an 9 
for a backspace for the IBN: 


THE VAX/YMS REQUIRES A DELETE 


IF Computer-5 AND NUM(Key$)=8 THEN KeyS=CHRS( 127) 
t 
! 
t SYMBOUC EE EE 


! 


IF NUM(Key$)2255 THEN KeyS-CHRS(CI3) 
DUTPUT Sc USING "s," ;Key$ 
GOTO Begin 


DATA FILE DUT TO THE HOST COMPUTESS 


Data Jump: 


G 
: 
: 
: 
I 
E 


DTO Begin 


' 
IF i _data=! THEN GOSUB Üpen file 
1 


IF Datadump=0 THEN GOTO Begin 
IF Computer=1 THEN WAIT .3 
! gart for fherc iow IDE 
BEEP 1000+RND<1500..05 
OUTPUT Pr oA Iodabas Je. 
DUTPUTSPCSBat MUSS 
GÜSUB Send number 
IF-BaCcl data)=-200 tHe 
Ta am 
Datadump-0 
END IF 
[datar datan 


ERROR HANDLING SUBROUTINE 


ThOCS eel eee 
Clase file--200 


t 


FIRST, BND WP Slee ere ei 


IF ERRN-59 THEN 


Aa DEE N 


62 


GOTO 2000 ! RETURN AFTER ERROR. 
eNOS Ir 


IF ERRN<>S9 THEN OUTPUT Pri error 72 ERR E generated. ?” 
TAERE TE CD FTE < Hp files: > ALREADY THERE?" 


IF ERRN=54 THEN GOTO Created 


EPERERA TE NN CAO TR OT RILE rp files; CIS NOT WN DISK.>” 


ASSIGN File TO * 
GOTO Line_mode 
' 


! 
OO teu TORR Ts 
' 


Pr crt: Pr=] 
GOTO Line_mode 


! 
‘ 
' OUTPUT TO PRINTER. 
Nc:  Pr=Primter choice 
G 

d 


UTU Line_mode ' 


! CHANGE THE TERMINAL CHARACTERISTICS. 
t 


Terminal: ~* 
PUTER ee ae io Sbauidexate = "Baud 
RE 2 Bits / C har = ie BItS 
QU eee 3. Duplex = Duplex 
[ut wer (atl 0=hal tt 
OUTPUT Pr:" A. Computer =":Computer 
OUTPUT Pr:" {IBM=1. VAX/UNIX=2. 
UTPUT Pr;" TRS-80=3, Cyber=4, 
DIN =s 


INPUT “Change which one?” Which 
IF Which=1 THEN INPUT "To?" ,Baud 
IF Which=2 THEN INPUT "To?",Bits 
IF Which=3 THEN INPUT "To?" Duplex 
IF Which=4 THEN INPUT “To?” Computer 
IF Computer=1 THEN Duplex=0 
IF Computer=3 THEN Duplex=0 
IF Computer=3 THEN Bits=8 
IF Computer=S THEN Duplex=! 

GOTO Line_mode 

: 


! 

! 

Üpen file: ! 
' [pen a file to read data from 

Iudas 

! 

Datadump=1 

1 


le data? 0 YES; dvs 

IF Ldv$2"1" THEN 
INPO E periment 77 Experiments 

else 
CUO teenie vata + tle. out oot HP to host. 
INPUT "File name?” Hp files 

EIS 


63 


vax/vms-5]" 


1810 
1920 
1330 


0 
0 
0 
30 


MNN ーーーーーーーー 


! 


TF dy Sa 
Ho fileS-Experiment$a" RESULT" 
END IF 
! 
! Read. the rile or Eor Ema SK 
! 
ASSIGN 3Fi1le TO Hp fi1leS$ 
1= 1 
Check =0 
BEER 
BEEP 
BUTPUT Pr:"“{Warking on file <"“:Hp_fileS;">.5" 
Q4 
ENTER File:Ra(1) 
Check =Aa( I) 
ISP 
' 
ASSIGN OFile TO = 
Datadump= 1 
RETURN 
t 
! 
Send number: ! 


IT SEND A NUMBER ONE CHARACTER AT 
A TIME STD THE RUST COMPUTERS 


NumbS=VALS(Aa(I data)? 
"enor EE a 


T ((LdvS="17) AND ([_data>13) ) THEN 
Pos it=PHS(Numb5 "の ) 
IF (Posit<>0) THEN Length=Positt2 
END IF 


FOR SENE SES 
Numeric*NUM(I(NumbS(LI.I]1) 


OUTPUT Se USING (Satin Siete us 
NEXT I 
! 
OUTPUT Sce USING Ta AE CARE G 
RETURN 
1 
1 
END 


6 4 





iLe: 
C 
€ 
C 
て 
€ 
e 
C 
G 
€ 
C 
e 
C 
C 
C 
C 
C 
C 
C 
C 


CLCY CV CN m AONAD 
c 


AN 
© 


AnA 


APPENDIX C 


FORTRAN PROGRAMS USED ON THE IBM 3033 


CH 
x 
> 
[D 


FCRTRAN Al 


PROGRAM CFAd 


TEST PROGRAM FCR CATA TRANSFER FROM TRE PF-9826 
EI SN 


SU に に で C し し に ビ に ET ロ 
PeemeME241 Cs FALL CUARTERs 1592 


FILEDEF Of TERMINAL 
FILECEF O€ TERMINAL 
FILEDEF 07 CISK MYCATA DATA (FEKRX) 


UMGRAG TXTUC IM 上 UKRTMCD< MOCLC2CC こ し 


INVE IN Ire ADCVE a LINES TE MAKE THIS 
FCRTRAN PROGCRAN RUN. 


DIMENSION CATA(3000) 

T= 

ARITE(6-8C) 

FCRMAT(2X%.*°CECIN INPUTING DATA FRON TE FEP-9 826° ) 


GENTINUE 

READ( Se) CATA(I) 

[=I +1 

IF(OATA(T-1)-NE.~-20C) GCTC 10 


NITEMS = I-l 
FOCRMAT(2X.,.IS,* CATA POINTS wEREC ENTEFED.® ) 
NETTIRE(O.C) NITEME 


Ee Eck WAS ECEN ENTERED.* WRITE IT GUT CN 
CISK. 


EIEUÁMATUOSXS.*DATA(*'.IS,. *) = wee SS 
T=1 

WRITE(7e*) CATA( 1) 

T= +1 

IF(DATA( T-t)eNEe-2Z00) GUTC 20 


eto oats BEEN WR ITTER CNTIC CIiSkK. 


STOP 
ENJ 
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APPENDIX D 


CALIBRATION DATA 


D.l- Potentiometer Calibration 
The following relation was used in Basic program SMA 
to convert the 10 turn linear potentiometer voltage read 


by the HP 3497A to displacement: 


X 2 3,02260V 299. 0/02 


where X SMA coil displacement from zero 


ご 
| 


potentiometer voltage output to the HP 3497A 


D.2 Flow System Rotometer Calibration 
The following relation converts the rotometer reading 


to volumetric flow rate: 


M = 0.03419R + 1.6411 


where M volumetric flow rate through the system 


R 


the face plate reading on the rotometer 
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APPENDIX E 


DANA UETSTINGS 


BDAT files are to be read as follows: 


Col. 1 2 5 4 
row 1 SE T2 T3 T4 
row 2 Es T6 Displacement Current 
row 3 Power 


LBDAT files are to be read as follows: 


Tol. I 2 3 4 
Time ln Fitted normalized 
(normalized Data displacement 
displacement) Points 
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